T he ataxia telangiectasia mutated and Rad3-related (ATR) kinase is a master checkpoint regulator safeguarding the genome (1) . Loss of ATR during DNA replication increases genomic instability in S phase and subsequent mitosis (2) (3) (4) . While analyzing the localization of ATR in diploid retinal pigment epithelium 1 (RPE1) cells across the cell cycle, we unexpectedly found that ATR localized to all centromeres detected by ACA (anticentromere antibody) on mitotic chromosomes (Fig. 1, A and B, and fig. S1A). Autophosphorylated ATR (p-ATR T1989) also colocalized with ACA ( Fig. 1A and fig. S1B ), suggesting that ATR is active at centromeres. The staining of ATR and p-ATR was eliminated by ATR small interfering RNA (siRNA) (fig. S1, C and D), confirming the specificity of the antibodies. Colocalization of ATR and centromere protein B (CENP-B) was detected by the proximity ligation assay in unperturbed mitotic cells but not in interphase cells ( fig. S2, A and B) . Chromatin immunoprecipitation (ChIP) of ATR confirmed that ATR was enriched at the centromere of chromosome 1 compared with a noncentromere locus in mitotic RPE1 and U2OS cells (Fig. 1C and fig. S2C ). In contrast to ATR, another master checkpoint kinase ATM was not detected at centromeres (Fig. 1A) .
The presence of ATR at centromeres during mitosis prompted us to investigate whether ATR functions in chromosome segregation. Short (1 hour) treatments of asynchronously growing RPE1 and U2OS cells with two structurally distinct ATR inhibitors (ATRi), VE-821 and AZ20, increased the rate of lagging chromosomes in anaphase (Fig. 1, D and E), indicating a defect in wholechromosome segregation (5, 6) . Rapid degradation of auxin-inducible degron (AID)-tagged ATR in mitotic ATR −/− , AID-ATR DT40 cells also increased lagging chromosomes ( Fig. 1F and fig.  S3A ) (7) . In contrast to lagging chromosomes, anaphase bridges typically arise from S-phase problems persisting into mitosis but not wholechromosome missegregation (8) . Short ATRi treatments did not induce anaphase bridges ( fig. S3B ), suggesting that the S-phase cells affected by ATRi had not entered mitosis. As ATRi-treated mitotic cells progressed into the next cell cycle, an increased rate of aneuploidy was observed ( fig. S3C ). These results suggest that ATR has a previously uncharacterized role in chromosome segregation distinct from its functions in S phase.
Replication interference in S phase may affect mitosis indirectly by inducing persistent DNA synthesis in mitotic cells ( fig. S4 , A and B) (9) . To investigate whether ATR has a replicationindependent role in mitosis, we arrested RPE1 and U2OS cells in G2 with cyclin-dependent kinase 1 (CDK1) inhibitor and then released them into mitosis in the absence or presence of ATRi ( fig. S4, A and B) . Postreplication ATRi treatment did not induce DNA synthesis or anaphase bridges but increased lagging chromosomes ( fig. S4 , B to D). To unequivocally separate the functions of ATR in S phase and mitosis, we treated live prometaphase cells with ATRi and followed chromosome segregation. ATRi treatment of cells already in mitosis increased the rate of lagging chromosomes in anaphase (Fig. 1G) , demonstrating that ATR acts in mitosis to ensure faithful chromosome segregation.
In mitotic cells, ATRi did not affect baseline levels of DNA synthesis and gH2AX, and the canonical ATR pathway was not activated by replication inhibitor hydroxyurea ( fig. S5 , A to C). ATRi did not significantly alter mitotic progression or affect the inhibitory phosphorylation of CDK1 at Y15 ( fig. S6, A to C) . Furthermore, ATRi did not increase the rate of multipolar spindles in prometaphase or lead to premature mitotic exit (fig. S6, D and E). However, ATRi reduced the autophosphorylation of Aurora B at T232 (p-Aurora B) in prometaphase (Fig. 2, A and B, and fig. S7A ) (10) . ATRi did not affect Aurora B activity in vitro ( fig. S7B ), ruling out off-target effects on Aurora B. In contrast to ATRi, ATM inhibitor (ATMi) did not affect p-Aurora B (Fig. 2B) . Although ATRi reduced p-Aurora B, it did not affect the centromeric localization of Aurora B and other components of the chromosome passenger complex ( fig. S7C) . Moreover, the activation of Aurora A and polo-like kinase 1 (PLK1) was not affected by ATRi (fig. S7D ). The Aurora B-dependent phosphorylation of histone H3 at S10 and S28 was reduced by ATRi ( Fig. 2C and fig. S8, A and B) . When AID-ATR was rapidly degraded in mitotic ATR −/− , AID-ATR DT40 cells, p-H3 S10 and p-H3 S28 was also reduced (Fig. 2D and fig. S8C ). Nonetheless, ATRi did not significantly affect the localization of BubR1 to kinetochores ( fig.  S8D ), suggesting that Aurora B retains some of its functions (11) . Partial inhibition of Aurora B by AurBi increased the rate of lagging chromosomes ( fig. S9 , A and B) (12) , recapitulating the effects of ATRi. Combination of ATRi with low concentrations of AurBi further decreased p-Aurora B and increased lagging chromosomes ( fig. S9, A and B) . Thus, ATR is required for the full activation of Aurora B at centromeres, which is critical for correction of erroneous microtubule attachments at kinetochores (Fig. 2H) (12, 13) .
To determine how ATR regulates Aurora B in mitosis, we analyzed the ATR effector kinase Chk1, which is implicated in Aurora B activation (14) . Like ATR, Chk1 and its ATR-and autophosphorylated forms (p-Chk1 S317, S345, and S296) were detected at all centromeres in mitotic cells (Fig. 2, E and F, and fig. S10, A and B) . ATRi reduced p-Chk1 at centromeres (Fig. 2F) , suggesting that Chk1 is phosphorylated by ATR. Similar to ATRi, Chk1 inhibitor (Chk1i) did not affect Aurora B activity in vitro but reduced p-Aurora B, p-H3 S10, and p-H3 S28 in mitotic cells (Fig. 2 , C and G, and figs. S8B and S10C). Furthermore, the combination of ATRi and Chk1i did not further reduce p-Aurora B compared with ATRi or Chk1i alone (Fig. 2G) , suggesting that ATR promotes Aurora B activation through Chk1 (Fig. 2H) .
The unexpected role of ATR at centromeres raises the question as to how ATR is activated. To distinguish whether ATR is activated during or before mitosis, we investigated whether ATR can be reactivated in mitotic cells after transient inhibition. At 2 mM, the ATRi VE-821 inhibited ATR in a reversible manner in interphase cells ( fig. S11A ). On mitotic chromosomes, the p-Chk1 at centromeres was reduced by 2 mM ATRi but quickly recovered after ATRi washout (Fig. 3A  and fig. S11B ), showing that ATR is reactivated. Similarly, in mitotic cells p-Aurora B and p-H3 S10 also recovered after ATRi washout (fig. S11, C and D), confirming de novo activation of ATR in mitosis.
To understand how ATR localizes to centromeres in mitosis, we investigated whether ATR interacts with mitotic regulators and centromere proteins. Immunoprecipitations of ATR and its regulatory partner ATR-interacting protein (ATRIP) from mitotic cell extracts but not interphase cell extracts, captured Aurora A, TPX2, and CENP-F (Fig. 3B and fig. S12A ). ATR-ATRIP did not capture several other mitotic regulators ( fig. S12B ), suggesting that ATR transiently but specifically interacts with the Aurora A-TPX2 complex and CENP-F in mitosis. The levels of ATR at centromeres were reduced by AurAi and CENP-F siRNA (Fig. 3 , C and D, and fig. S12C ). The p-ATR at centromeres was diminished by two independent AurAi, but not by inhibitors of ATM, Chk1, Aurora B, MPS1, and the proteasome inhibitor MG132 ( fig. S12D ). Importantly, AurAi disrupted the interaction between ATR-ATRIP and CENP-F without altering the levels and localization of CENP-F ( and fig. S12E ), suggesting that Aurora A promotes the localization of ATR to centromeres by enabling ATR-ATRIP to bind CENP-F (Fig. 3G) . Consistent with the role for CENP-F in ATR localization, a CENP-F fragment that binds to kinetochores exerted dominant negative effects on ATR and p-H3 S10 at centromeres (Fig. 3F and fig. S13 ) (15) . Thus, Aurora A and CENP-F likely bring ATR-ATRIP to the vicinity of centromeres in mitosis, facilitating its activation at centromeres (Fig. 3G) . We next investigated how ATR is activated at centromeres in mitosis. The single-stranded DNA (ssDNA) binding protein RPA (replication protein A) directly interacts with ATRIP and plays a key role in ATR activation at sites of DNA damage and stalled replication forks (16) . Although DNA damage and DNA synthesis were undetectable at centromeres in mitosis (9), p-RPA staining was detected at all centromeres in synchronized and unsynchronized mitotic cells (Fig. 4A and fig. S14,  A and B) . The RPA at centromeres was phosphorylated at S33, a substrate site of ATR. Like ATR, RPA was detected at the centromere of chromosome 1, but not a noncentromere locus, by Kabeche ChIP (Fig. 4B and fig. S14C ). ssDNA is not only generated by DNA repair and DNA replication but also by R loops, which contain DNA-RNA hybrids and displaced ssDNA (17, 18) . In yeast, R loops are found at centromeres and linked to H3 S10 phosphorylation and chromatin compaction (19) . We recently showed that RPA is a sensor of R loops (20) , raising the possibility that RPA is recruited to centromeres by the ssDNA in R loops.
To determine whether R loops are present at centromeres in human cells, we analyzed mitotic chromosomes in RPE1 cells with the monoclonal antibody S9.6, which specifically recognizes DNA-RNA hybrids (18) . Indeed, S9.6 staining was detected at all centromeres in synchronized and unsynchronized mitotic cells (Fig. 4A and fig. S15 , A and B). S9.6 staining was enriched at centromeres compared with telomeres and chromosome arms ( fig. S15C ). To confirm that centromeric S9.6 signals arise from DNA-RNA hybrids, we conditionally expressed ribonuclease H1 (RNaseH1), an enzyme that cleaves the RNA in DNA-RNA hybrids, in HeLa cells. The centromeric S9.6 staining was reduced by induction of wild-type RNaseH1 (RNaseH1 WT ) (Fig. 4C) . In contrast, the catalytically inactive RNaseH1 D210N mutant (RNaseH1 MUT ) (21) , which is dominant negative over endogenous RNaseH1, increased S9.6 staining at centromeres (Fig. 4C) . RNaseA, which cleaves single-and doublestranded RNA, did not affect S9.6 staining at centromeres ( fig. S15D) . Consistent with S9.6 staining, R loops were detected at the centromere of chromosome 1, but not a noncentromere locus, by DNA-RNA immunoprecipitation (DRIP) (Fig. 4D) . The DRIP signal at the centromere was abolished by RNaseH1. Thus, like ATR, R loops are specifically enriched at centromeres in mitosis.
Next, we investigated whether R loops regulate RPA and ATR at centromeres in mitosis. The ChIP signals of RPA and ATR at the centromere of chromosome 1 were reduced by RNaseH1
WT but enhanced by RNaseH1 MUT (Fig. 4B) . Furthermore, the ATR staining at centromeres was decreased by RNaseH1
WT but increased by RNaseH1 MUT (Fig. 4E) . The centromeric p-ATR and p-RPA staining was also diminished by RNaseH1 WT but enhanced by the RNaseH1 MUT ( Fig. 4F and fig.  S16A ), suggesting that R loops are important for ATR activation at centromeres (Fig. 4I) . The levels of CENP-F at kinetochores were only slightly affected by RNaseH1 ( fig. S16B ), suggesting that R loops largely act downstream of CENP-F to promote ATR activation. RNA polymerase II (RNAPII)-mediated transcription occurs at centromeres in mitosis and is required for accurate chromosome segregation (22, 23) . Inhibition of RNAPII but not RNA polymerase III in mitotic cells reduced the ATR and p-RPA at centromeres ( fig. S16C ), suggesting that centromeric R loops are generated through RNAPII-mediated transcription during mitosis.
The role of R loops in ATR activation at centromeres predicts that R loops are important for Aurora B activation and suppression of lagging chromosomes. Indeed, p-Aurora B was reduced by RNaseH1
WT but increased by RNaseH1 MUT (Fig. 4G) . Furthermore, the rate of lagging chromosomes was increased by RNaseH1
WT but reduced by RNaseH1 MUT (Fig. 4H) . Notably, RNaseH1
MUT increased p-H3 S10 and reduced lagging chromosomes, and both of these effects were reversed by ATRi (fig. S17, A and B) , suggesting that stabilization of R loops facilitates Aurora B activation and chromosome segregation through ATR.
Together these results strongly suggest that the R loop-ATR circuitry is important for accurate chromosome segregation.
Our results revealed a mitosis-specific ATR pathway that is distinct from the canonical ATR pathway operating in S phase and the DNA damage response. The activation of the mitotic ATR pathway is independent of DNA damage and DNA replication but dependent on the key mitotic regulator Aurora A and R loops at centromeres ( fig. S18) . In an Aurora A-dependent manner, ATR interacts with CENP-F in mitosis and is brought to the vicinity of centromeres. The R loops at centromeres may present RPA-coated ssDNA, a key platform for ATR activation. Unlike the canonical ATR pathway, the mitotic ATR pathway avoids the suppression by centromeric DNA loops behind replication forks (24) . The requirement of both the Aurora A-CENP-F axis and the R loop-RPA axis for ATR activation may ensure that ATR is specifically activated in prometaphase at centromeres. The local activation of ATR at centromeres does not appear to affect CDK1 in mitosis, possibly due to the restriction of p-Chk1 to centromeres and the stabilization of CDC25A by CDK1 (25, 26) . Instead, ATR activates Chk1 locally at centromeres to promote Aurora B activation, ensuring accurate chromosome segregation in mitosis.
This study uncovers an R loop-driven signaling pathway that promotes accurate cell division. Although R loops cause genomic instability in S phase, they are necessary for faithful mitosis. The opposite effects of R loops on genomic stability during S phase and mitosis create a demand for cell cycle-regulated ATR responses. Through two distinct ATR pathways, ATR suppresses R loopassociated genomic instability in S phase but mediates the centromeric function of R loops in mitosis (fig. S18) . The activation and function of ATR at DNA breaks and replication forks are regulated by DNA repair and replication proteins. The ability of the ATR circuitry to rewire in a context-dependent manner may allow it to play an integral role at centromeres in mitosis distinct from its other functions. Both the genomic instability in S phase (replication stress) and the chromosome instability in mitosis (CIN) are hallmarks of cancer and vulnerabilities of cancer cells (27) (28) (29) . The dual functions of ATR in countering replication stress and CIN may make ATR a particularly attractive therapeutic target in cancers with both vulnerabilities.
